Introduction
Life history traits such as age at first reproduction, or primiparity, have implications for demography and population dynamics (Cole 1954; Stearns 1992; Saether et al. 2013) . For many species, mortality rates decrease non-linearly with age; thus early primiparity becomes an advantageous life history tactic for young individuals that are trading-off disproportionately higher probabilities of mortality with the likelihood of failing to reproduce before death (Stearns 2000) . Moreover, among competing life history strategies, reproducing early becomes a meaningful tactic to increase one's lifetime reproductive success (Murie and Dobson 1987; Green and Rothstein 1991; Descamps et al. 2006; Martin and Festa-Bianchet 2012) and the reproductive success of one's offspring (Stearns 1992) . Primiparity represents a trade-off between somatic growth and reproduction and it is often condition-dependent; where individual condition can be a function of numerous environmental factors. Consequently disentangling the relative importance of factors that influence variation in primiparity will have implications for evaluating trends in population demography and size, particularly in managed populations.
Age of primiparity varies within and among populations (Reiter and Le Boeuf 1991; Sand and Cederlund 1996) . Resource availability is a key factor explaining this variation, where high food availability is predicted to lower the age at primiparity (Dobson and Kjelgaard 1985; Dobson and Oli 2001) . Within an individual this may operate through higher body mass (Neuhaus et al. 2004; Nilsen et al. 2010) or larger size (Green and Rothstein 1991) . A larger size and or mass are important attributes of early reproducers (Saether and Heim 1993) , and may enable young individuals to better accommodate the costs of gestation and lactation (Saether and Heim 1993; Jorgenson et al. 1993) . High resource availability and larger body size may not only D r a f t 5 show immediate benefits to current offspring but can influence an entire cohort and these effects may persist over generations (Lindström 1999) .
Resource availability, however, is typically density-dependent and negatively associated with population density (Martin and Festa-Bianchet 2012) . Therefore, age at primiparity is predicted to be density-dependent (Gaillard et al. 2000) : earlier mean age at primiparity within a population is indicative of smaller populations or populations in a growth phase, where per capita units of available resources are at a surplus (Reiter and Le Boeuf 1991; Dobson and Oli 2001) . Therefore, monitoring age at primiparity can provide indirect evidence into resource abundance and population trajectories, particularly in populations where specialist consumers are intimately linked to a few resources. Nellis et al. 1972; Brand et al. 1976) . Whereas hare dynamics are affected by factors in addition to lynx predation (Stenseth et al. 1997) , changes in lynx populations are tied to hare abundance. Following the hare population crash, lynx numbers decline due to the reduction or absence of recruitment (Brand and Keith 1979) . Monitoring recruitment indirectly through female reproductive tract analysis (Mowat et al. 1996b; Slough and Mowat 1996) presents an opportunity to better understand factors that affect primiparity in lynx and their potential implications for population dynamics.
We use a long-term data set on lynx productivity and snowshoe hare densities from Newfoundland, Canada. Lynx management is accomplished through trapping season adjustments D r a f t 6 derived from harvest trends; as a result, carcass collections are used for monitoring demography and life history. Here we assess lynx pregnancy rates and litter sizes through placental scar analysis. We couple these reproductive data with systematic capture-mark-recapture estimates of hare abundance to assess the role of prey population attributes and predator allocation in reproduction vs. somatic growth using seven a priori competing hypotheses (Elliott and Brook
2007).
Placental scars from previous reproductive events are generally not retained in lynx (Mowat et al. 1996a) , creating uncertainty in confirming primiparity in animals that have experienced multiple breeding seasons. Therefore, we tested our hypotheses using yearling animals only. Specifically, we predict that high prey density will increase yearling pregnancy rate (Brand et al. 1976; Parker et al. 1983; O'Connor 1986) and increase litter size (P 1 ). Breitenmoser et al. (1993) predicted that even at the same density, lynx productivity should be higher during a hare increase than during a decline. We expect a positive association between hare population growth trajectory (λ) and yearling pregnancy rate and litter size (P 2 ). In addition, we test for an interaction between hare density and hare population growth (P 3 ). As a larger body size is linked to a lower age at primiparity (Green and Rothstein 1991; Martin and FestaBianchet 2012) , we predict yearling productivity to increase with larger body size; as measured using right hind foot length (P 4 ). Since food availability may regulate the effect of body size on lynx productivity we tested for such an interaction (P 5 ). Environmental conditions experienced during juvenile development can affect the pattern of allocation in future life history traits (Lindström 1999; Beckerman et al. 2002) . We predict that lynx cohorts born during higher hare availability should be more likely to reproduce as yearlings and have increased litter sizes (P 6 ).
Finally, we assess the effects of all covariates using a global model (P 7 ).
D r a f t

Materials and Methods
Study Area
This study was conducted on the island of Newfoundland, province of Newfoundland and Labrador, Canada (53° 8' 7'' N, 57° 39' 37'' W) . Newfoundland lies in the boreal ecoregion (Rowe 1972) and consists predominantly of coniferous forest: black spruce (Picea mariana 
Hare Density Estimates
Hare population density in Newfoundland was determined using four spatially distinct trapping grids ( Supplementary Fig. S1 ). Three of the grids were trapped annually from 1999- As sampling was of short duration and hare abundance, not demography, was our primary objective, we used a closed (i.e. no births, deaths, emigration or immigration) population model. Population estimates were generated using the jackknife estimator implemented in program CAPTURE (Otis et al. 1978; White et al. 1982 ). The jackknife model accounts for heterogeneity in individual capture probability and for snowshoe hare data, displays a minimal and consistent bias over a range of hare abundances Krebs 1994, 1996) . Moreover, for comparing population estimates, it is best to consistently use the same estimator (Boulanger and Krebs 1994) . The declining number of recaptures with abundance precluded the use of formal spatially explicit capture-recapture models (Efford et al. 2004 ) to calculate density. Hare densities from all active grids were averaged for each year across the study area (Supplementary Table S1 Table   S2 ), data for this closed season was included in the analysis.
As an indicator of body size, we measured right hind foot length (tip of longest distal phalanx to calcaneus) to the nearest 0.5cm with a soft tape. To age carcasses, we extracted the lower canines from the mandible. Canines with an apical foramen were considered kittens. All other canines were aged using cementum analysis by Matson's Laboratory, Milltown, MT.
Cementum analysis was used to classify animals as yearlings (1.5 years) or adults (≥2 years).
We stored reproductive tracts frozen in water. We thawed and soaked them in cold water (> 1hr) to remove blood stains prior to examination following Mowat et al. (1996a) . To count D r a f t placental scars, we split uterine horns longitudinally with a hand blade and spread them open on a sheet of acrylic glass. To enhance visibility of scars, the uteri were illuminated from above and below. Scars were identified as bands across each uterine horn, with lighter scarring sometimes extending from these bands. Each scar was classified as 1 of 6 shades (Englund 1970; Lindstrom 1981) with shade 1 scars being diffuse and barely visible and shade 6 scars being dense and dark black. Pregnancy rate was defined as the proportion of females that exhibited one or more scars irrespective of shade. Litter size was determined by counting scars of all shades (Mowat et al. 1996a ).
Fertility Models
Generalized linear models were used to examine the importance of prey abundance, prey population growth rate, hind foot length as a measure of body size and cohort effects on pregnancy rate and litter size of potentially primiparous yearling lynx (Table 1) . We defined prey abundance as the hare density estimate closest to, but preceding, the lynx breeding season. This Supplementary Table S1 ). Hare population growth rate (λ) was calculated as the ratio of hare density at year t+1 to hare density at year t and indicates population trajectory, i.e., growth or decline. Cohort effects were defined as a two year lag in mean hare density estimates (see Supplementary Table S1 ). These estimates were closest to the birth-year of yearlings and were assumed to be indicative of the prey abundance conditions encountered during growth and development. Accordingly, hare densities for the 2000-01 and 2010-11 lynx trapping seasons were also required to implement the cohort D r a f t 11 effects and hare population growth rate models, respectively. Prey abundance and cohort effects variables were collinear; therefore, they were not included simultaneously in any models.
As lynx harvest dates ranged from October to January, we considered whether it needed to be controlled for statistically in our models. Capture date was recoded as number of days since beginning of October and we used generalized linear models to examine temporal trends of capture date on morphology (HFL), pregnancy rate and litter size.
All predictor variables were standardized into z-scores before inclusion in models and were implemented using the glm function in R 3.2.2. Pregnancy rate of yearlings was modelled with a binomial error term and logit link function. Litter size models used a Poisson error term with a log link function. Adjusted coefficients of determination (Nagelkerke 1991 
Results
Hare Density
Mean snowshoe hare density exhibited peak and decline phases (Fig. 1a) . Hare numbers Total hare harvest estimates were highly correlated with GAM estimates of hare density (r = D r a f t 12 0.86, Supplementary Fig. S2 ), indicating that island-wide hare population trends are reflected in the capture-mark-recapture hare density estimates.
Model Results
There was no detectable effect of harvest date on morphology (coefficient ± SE: β = 0.0005 ± 0.0065, P = 0.94), pregnancy rate (β = -0.003 ± 0.01, P = 0.78) or litter size (β = -0.001 ± 0.005, P = 0.83). Therefore, harvest date was not included in any models.
Overall, 23.5% of 166 yearlings showed signs of being pregnant. Of the seven candidate models, prey abundance (P 1 ) was the most parsimonious (∆AIC = 0.00, Table 1 ) and was a statistically significant predictor of yearling pregnancy rate (β = 0.50 ± 0.21, P = 0.020; Fig. 1b ).
Prey abundance was also significant within the abundance × growth interaction model (P 3 , β = 0.58 ± 0.24, P = 0.015). Hind foot length (HFL) was statistically significant within the morphology only model (P 4 , β = 0.43 ± 0.20, P = 0.030). No other explanatory variables were significant. Models P 1 and P 4 had ∆AIC < 2 (Table 1) ; therefore, these models were equivocal (Burnham and Anderson 2002) . Despite the low ∆AIC, the coefficients of determination (adjusted R 2 ) indicate that these models each explained less than 6% of the variation ( Table 1); appreciating that the Nagelkerke's adjusted R 2 typically explains less variation than ordinary least squares regression (Smith and McKenna 2013) .
Mean (± SE) litter size was 3.51 ± 0.27 (n = 39). Although prey abundance (P 1 ), hare population growth (P 2 ), morphology (P 4 ) and cohort effects (P 6 ) had ∆AICs < 2, the null model had the lowest AIC (Table 1 ). All adjusted R 2 values of the top models were each < 3%.
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Discussion
Contrary to Saunders (1961) , who suggested that female lynx on the island of Newfoundland do not breed in their first year (i.e., at 22-23 months), we demonstrate that Newfoundland lynx are capable of breeding at 9-10 months. However, we observed that not all yearlings breed (overall pregnancy rate 23.5%). Consequently we investigated potential determinants of yearling pregnancy rate in lynx. Of the seven proposed models, we found that hare density was the strongest predictor of yearling pregnancy rate. Despite sufficient sample size to detect that hare abundance had a significant and positive influence on pregnancy rate, the explanatory value of hare density was low (6%). We found little support from similar covariates for predicting yearling litter size. Despite common predictions from life-history theory it is apparent that other factors, unexplored here, may be influencing yearling pregnancy rates and litter sizes.
The abundance of alternative prey may better explain yearling primiparity. Despite being a specialist predator, lynx show dietary plasticity during hare declines (O'Donoghue et al. 1998) and in southern regions, where hare densities are generally low, make extensive use of alternate prey (Aubry et al. 2000) . Recent evidence indicates that dietary plasticity is especially critical to yearling lynx. When hare populations begin to decline, yearlings increased their use of alternative prey while adults, subadults and dependent juveniles retained a less variable diet (Burstahler et al. 2016 calves has been documented as well (Bergerud 1971) . Using isotope analysis, Roth et al. (2007) also suggest that at 66% snowshoe hare, the Newfoundland lynx diet is less specialized. If
Newfoundland lynx are already adapted to acquiring alternative prey, diet breadth expansion by yearlings may not only enhance survival, but permit reproduction as well. In any case, reliance on snowshoe hare typically declines during summer in most lynx populations (Saunders 1963; van Zyll de Jong 1966; Parker et al. 1983; Poole 2003) . Therefore, it is conceivable that the abundance of alternate prey, particularly in spring during conception and gestation may be a more direct determinant of yearling pregnancy rates than hare abundance.
Based on our measure of body size, we detected minimal body size effects on pregnancy rate in yearlings. It is suggested that decreased lynx productivity is due to smaller lynx body size resulting from declining hare populations (Brand and Keith 1979; Parker et al. 1983; O'Connor 1986) . With little variation explained by our model set we were unable to statistically decompose the pathway from body size to reproduction in yearlings. However, quantitative evidence for body size effects on lynx reproduction is equivocal. Brand and Keith (1979) indicated that visually assessed fat indices, hence body condition, and yearling ovulation rates declined with declining hare abundance, but provided no information on change in body mass. Parker et al. (1983) showed a concomitant decline of yearling pregnancy rates, hare populations and carcass mass, but mass of fat deposits did not differ markedly. In Eurasian lynx (Lynx lynx L., 1758) females, Nilsen et al. (2010) showed that first time ovulators had higher body mass and those with placental scars were lighter. Body mass was also linked to regions with higher prey availability. Conversely, Axnér et al. (2013) found no effect of body mass or body condition on ovulation rate and placental scar counts of early maturing Eurasian lynx. The uncertainty surrounding the role of body size in studies of primiparous individuals may be due to D r a f t imprecision in body size measurements, e.g., hind foot length (Martin et al. 2013) . Moreover, in utero estimates of reproduction are retrospective (Axnér et al. 2013 ) and measurement of mass or condition post mortem may not adequately reflect condition at the onset of reproduction. Wholebody measurements in the field, pre-and post-reproduction, may be more conclusive.
Other authors have indicated that productivity in lynx may depend on factors other than food availability. First, Breitenmoser et al. (1993) suggested with their "core population hypothesis" that when hare density declines, philopatry of offspring increases as yearling females remain on or close to the female parental territory and do not reproduce. Groups of related females have been observed in the field (Mowat and Slough 1998; O'Donoghue et al. 1998 ). In
Newfoundland, congregations of lynx in areas of local hare abundance have been noted (Bergerud 1971) ; although, age, sex and genetic relationships were unknown. Breitenmoser et al.
(1993) and Mowat et al. (2000) suggested that these matrilineal assemblages may be adaptive as it permits the sharing of space and food. Although speculative for lynx, philopatric yearling daughters that inhabit their mother's home range may experience reproductive suppression, which functions to reduce resource competition as in brown bears (Ursus arctos L., 1758) (Støen et al. 2006) . Reproductive suppression, although under captive conditions, has been demonstrated to be physiologically possible in Canada lynx (Fanson et al. 2010) . Similarly, experiments on lynx farms indicate that yearlings rarely breed even under conditions of high food availability (pers. comm. cited in Breitenmoser et al. (1993) ), which suggests a social and or stress constraint. Reproduction may, in part, be socially mediated even if body size or condition permits. Second, when hare populations were at or near a cyclic high and lynx populations were increasing, Quinn and Thompson (1987) reported that 96% of yearling females showed luteal bodies yet only 33% showed placental scars. Lynx have traditionally been D r a f t 16 considered induced ovulators and therefore the presence of luteal bodies is an indication of mating. However, lynx can ovulate spontaneously (ovulation without mating) and may even switch between the two strategies: spontaneous ovulation at high lynx density and induced ovulation at low density (Fanson et al. 2010) . Therefore, the low proportion of yearlings showing scars indicates that if ovulation is induced, despite high food availability, yearlings may not be physiologically mature enough to maintain pregnancy (Axnér et al. 2013 ). If ovulation is spontaneous, it may indicate not all yearlings mate. Mowat et al. (1996b) suggested that males may preferentially breed with adults before yearlings. Therefore, yearling pregnancy rates may depend upon the spatial distribution of adults of both sexes. Regardless of ovulation method, male dependent factors such as sperm quality, intensity of male copulations and mating with multiple males also influences female reproductive success in felids (Erofeeva and Naidenko 2012).
None of our models predicted yearling litter size. This is similar to the Eurasian lynx where primiparous litter sizes were independent of body mass and did not vary among years and study sites with different prey availability levels (Nilsen et al. 2010 (Nilsen et al. , 2012 Gaillard et al. 2014) .
Studies on Canada lynx have found little change in litter sizes with changing hare abundance.
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in litter sizes may be greater, Canada lynx may be akin to Eurasian lynx in displaying a common optimal litter size (Gaillard et al. 2014) .
Carcass data precludes the assessment of other potential predictors of yearling pregnancy rate. Although we assessed cohort (year) effects, we were unable to test for maternal age (yearlings born to multiparous or primiparous mothers) or maternal mass effects (Jorgenson et al. 1993) . Maternal mass in lynx may also be confounded with maternal age as yearlings give birth 2-3 weeks later than adults and their kittens weigh less (Mowat et al. 1996b; Slough and Mowat 1996) . Timing of birth may be a factor as in red squirrels where early breeders were born earlier in the season (Descamps et al. 2006) . We also could not assess the influence of environmental variables on yearling pregnancy rate. Deviations from average snow depth or ambient temperatures, for example, can affect an individual's energetic balance which may enhance or dampen the effects of absolute food abundance on yearling pregnancy rate (Becker et al. 1998 177x150mm (300 x 300 DPI)
